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PHOTOELECTRON DIFFRACTIONOF MAGNETIC ULTRATHINFILMS:
FE/CU(001)

J. G TC>BIN,"M. K. WAGNER," X.-Q. GUO"" ANDS. Y. TONG'"
"Lawrence LivermoreNationalLaboratory°LiVermore,Calitornia94550
""Dept.of Chemistry,Universityof Wisconsin,Madison,Wl 53706
'"Dept. of Physics,Universityof Wisconsin,Milwaukee,Wl 53211

The preliminary resulls of an ongoinginvestigationof Fe/Cu(001) are presentedhere. Energy
dependent photoelectrondiffraction,including the spin-dependentvariant usingthe multiplet split Fe 3s
state, is being used to investigate the nanoscalestructuresformed by near-monolayerdeposits of Fe
onto Cu(001). Core.level photoemission from the Fe3p and Fe3s states has been generated using

• synchrotronradiationas the tunable excitationsource. Tentatively, a comparisonof the experimental
Fe3p crosssection measurementswithmultiplescatteringcalculationsindicatesthatthe Fe is in a fourfold

' hollowsite with a spacingof 3.6A between it and the atomdirectly beneath it, inthe third layer. This is
consistentwith an FCC structure. The possibilityof utilizingsDin-dependentphotoelectrondiffractionto=

investigatemagneticultrathinfilmswillbe demonstrated,usingour preliminaryspectraof the multiplet.split
Fe3s of near-monolayerFe/Cu(001).

INTRODUCTION

Photoelectrondiffraction, both non-spinand spin-dependent, is being used to investigate the
"_o magnetic ultrathin film system, Fe/Cu(001). Fe/Cu(001) is th_ prototypicalmodel system of magnetic
o- ultrathinfilms, yet remainsthe subjectof considerablecontroversy. For example,a theoretical study[liI-'.

= predictsa large magnetic moment at a coverage of one monolayer, assumingperfect pseudomorphic
growth. Nevertheless,surface magnetoopticKerr effect(SMOKE) measurementsindicatean absence of
such a magneticmcment, leading '-othe hypothesisof surfacealloying.[2]. Photoelectrondiffractionhas

,_ been shownto be a powerfulprobeof _tomicgeometricstructure,particularlysurfacealloying[3]. We are
= performinga photoelectrondiffractionstudyof Fe/Cu(001),usingthe Fe3p and Fe3s statesand including0_

a full, mulliplescatteringanalysis. Moreover, a new variant,spin-dependent photoelectrondiffraction[4]
,-.. (SDPD) using the multiplet-spli'.3s state, will be discussed. SDPD promisesto be a probe of both local
o geometricand magneticstructure, thus providinga nanoscalecounterpartto SMOKE measurements.

t' _ DISCUSSION

Photoelectrondiffractionis a probe that can be usedto investigatethe local (nanoscale, 10.9 m)
geometricstructureof surfacesand interfccesand whichmay be adaptable to determininglocalmagnetic

; structure as weil. Photoelectrondiffractioncan be '_houghtof as an angle-resolvedsurface-extended.x-

ray-absorption-fine-structure(SEXAFS) measurement. In our experiments, photoelectronsare ejected
r ' from core levels andcan be involvedwithdiffractionevents caused by scatteringoff of nearby neighbors
:. 1 _figure 1). From this, the local geometric structure can be determined to within :p.0.05A [5]. Our

experiments are performed at low kinetic energy in order to maximize sudace sensitivity[3] and the
manifestation of magneticeffects. Thusit is essentialthat ali analysisbe performedwithinthe framework

i of mu_iple-scattedngcalculations. The simplificationsof single-scatteringtheory[4,6] are not appropriatef

except at higher kinetic energies. Moreover, the potential importance of surface alloying in the
Fe/Cu(001) systemmilitatesagainst anover-relianceon forwardfocussingmeasurements,[6,7,8] whic;Iis
a powerfulprobe of stackedor buried layersbut is unableto distinguishan overlayerfroma surface alloy
[3, 9]. Finally, Sinkovik and Fadley [4] have pointed out the possibilityof utilizingthe multiplet split 3s
peaks as a source of spinpolarizedelectronsin theseexperiments. Recent spin-polarizedphotoemission
investigations[10,11] of the Fe3s peak of bulk Fe haveconfirmedthat these twopeaksare infact spin up
and spin down in magnetized samples. Thus, we are beginningto use this intrinsicspin resolutionin the
investigationof magnetic ultrathinfilms, specificallyFe/Cu(001). II is not unreasonableto expect an
approximately 10% effect, as is observed in spin polarized secondary electronspectroscopy [12]. Of
course, a fullyspin-parameterized,multiplescatteringtheorymustand is being developedalso.
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Figure 1. This schematic illustrates the
underlying cause of photoelectron diffraction,
interference between the direct and scattered
waves. The in=ederenceis dependent upon the

details of the local geometry and the emission ,_ l

angles and kinetic energy of the outgoing ._electron. The kinetic energy is =varied by hv
scanning the photon energy, hr. The binding
etlergy (BI"), the work function (_), and inner
potential (Vo) are constanttor a given state and
materialsystem.
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,..] I Figure 2. This figure shows schematically the
experimental setup. A single energy (hv)of

o- - Monr:hromator electromagnetic radiation is selected from the b,'oad
= l continuum of synchrotron radiation using a

' monochromator. The photons cause the ejection of

I _ photoelectrons,which are then collected by the angleSinglehv I _ (¢3°) and energy resolvingdetector. The synchrotron
'* oQ radiationwas providedby the University of Wisconsin

B
/_ | Jf a ..... __'_._ Synchrotron Radiation Center (UWSRC) and the

/ _'_ _ /_f" a RectronEnergy StanfordSynchrotronRadiationLaboratory(SSRL).
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Several technicaldetails sllould be discussedbefore movingon to the results. The variabilityof
the kinetic energy is obtained via the tunabilityof synchrotronradiation,as shown in figures 1 and 2.

,..-. Examples of the capabilities of the photoelectronspectrometerare published elsewhere [3,g]. Ali
, experimentsand evaporationswere performedunderultra-highvacuumconditions. Accuratecoverage

estimates are important to these studies. !.ow energy electron diffraction (LEED), Auger electron
spectroscopy(figure3), valence band photoemission(figure4) and a thickness analysisusinga quartz
crystalmicrobalancewere ali usedto monitordepositionlevels. Fewasevaporated froman effusive-beam
thermal source and the Cu(001) sample was at or near room-temperatureduring depositionand the
photoelectrondiffractionmeasurements. An "elbow"was observedin the plot of the Auger ratioof Fe
intensitydividedby Cu intensity(figure 3) andwe haveassigneda depositionvalue of the equivalentof a
"monolayer', i.e. O = 1 at this point, based upon internal consistencies in this and the other
measurements. Nevertheless,this coverageestimateis limitedbythe followingcaveats: (1) The actual
geometricstructureis unknownand possiblyis not an epitaxialovedayer;(2) the meaning and possibly
even the existenceof the "elbow" is in doubt[13,14];(3) the coverageestimate is probablyfairlyprecise
(reproducible)but inabsoluteterms (accuracy)onlygoodto withina factorof two. Our strategyis thusto
do a seriesof cove.agesand lookfor consistenciesinthescattering.



Figure 3. Auger electron spectroscopy, using LEED

i_ optics as a retardingfield analyzer, have been used toquantify depositionvia the effusiveevaporator-sourceof

Fe. Shownhereis a spectrumat e -_1.
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The photoelectrondiffractionexperimentuses eitherthe Fe3s or Fe3p levels as the internaland
o elementallyspecificsourceo_electronsfor the diffractionexperiment. A simplified,atomisticview of the

. "' Fe electronic structureis shownin tigure5 and examples of photoelectronspectra of Fe/Cu(001) are
presented ir figure 6. The valencebands of the Fe willbe stronglyaffected by neighboringatoms and
this will include complications such as crystal field effects, spin-orbit splitting and delocalization.
Nevertheless,it is rea,_onableto postulatesome preferredalignmentof spins in a magneticsystem. II is
the interactionof the remainingunbalancedspin in the Fe3s or Fe3p withthe aligned3d spins,after the
photo-ionization,that causes the splittingof the Fe3s peak and asymmetry in the Fe3p peak [15] (see
figures5 and 6). While the Fe3semissionis the preferred mode for addressingmagneticquestions,it is

, obviousfromfigure6 that the Fe3p isa muchbettercandidatefor the initialgeometric-structuralstudies.1..

Fe

3d $,1, T T $$
...... Figure 5. A simplified, atomistic view ot the electronic

- structure of Fe is shown here, to illustratethe cause of

45 '_ _ the multipletsplitting. If a single3s electronis removed,the remaining3s electronwill be either parallel or anti-
- parallel to the aligned 3d electrons. This type o! spin-

3p T,,L T J,, T _L spin interaction affects the cvorall energetics of the-.----__.._. _..__ photoemissionprocess, thus producing the splitting in
• the 3s and the asymmetry in the 3p. This has been

3S T confirmed by spin-polarizedphotoelectronspectroscopymeasurements[10, 11, 15].



Figure 6. This figure shows normal emission _' " " ' _' " " " -" " " " " "'-
angle-resolved photo-emission spectra oi

Fe/Cu(001), using hv, 190 eV and withe - 1. ul TJ,The wide scan shows the Fe3p (BF - 53 eV),

Cu3p (BF - 75, 77 eV) and the Fe3s (BF - 92 ._
eV). A narrowerscanwithbetterstatisticsis also
shown, which more clearly illustrates the
multiplet splittingof the Fe3s peaks. The spin ,<

has been assigned to the Fe3s peaks based _r

_lPOnthe spin-polarizedphotoemission results
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' '=" Preliminary resultsoi the Fe3p photoelectrondiffractionexperiment suggest that the Fe is in a
o fourloldhollowsitewitha spacingbetween itand the underlyingatom (inthe third layer)of 3.6A (figure7).

This is consistentwitha localFCC structureforthe Fe. The calculationswere performedusinga multiple-

' scatteringslab methodand the photo-excitationmatrixelements (li --+li+1) are explicitlycalculated[16].
, The geometricmodelsusedincludea monolayer,a bilayerand a trilayerof Fe on top of Cu(001), with each

successivelayer oi adsorbatesin the fourloldhollowof the previous layer. (See figure8.) The spacings
"_ d23 were varied independently. The result was that the curves in which d13 = d12 + d23 =
i d12 and the monolayer,bilayerandtrilayer, were alwaysin fairlygood agreement with the experimentali 3.6A,for
r ! curve, regardlessof the individualvaluesof d12 and d23. lt is irrcc_rlantto remember thatwhile Cu is FCC

' Fe is BCCwith a = 2 87A at roomtemperature andpressure, an Fe FCC phase exists
with a = 3.61,&,and . • " .- .... , ---, ,-'_. Thus tor bulk CUFCC, d13 = 3 6A;for bulk

r em raturesano pressures(see ngure_ o_t_,. ,,/. ,
at highe t pe ...... ,.,,_A,,,,_,.__h°_ata of Table 1 in ref. 17). Hence, it is likelythat
FeBCC, d13 = 2.9A; anO,or_eFCC=,o13_=._.,_'_tIsn'o'_cl'ea_wllether the Fs is surroundedby Fs, Co or a
the Fe is in a FCC site w=mo13 _.o_, ,.,u,
mixtureof both and whether the intermediate (second) layer is at the expected relaxed FCC position
(d12 = d23 = 1.8,_). The sensitivityto d13 of the normal emission geometry is the result of the
relativelylarge efficiencyof 180° backscattering,as showninfigure9. To determined12 and(:123and to
lower the error estimate on d13, it will be necessary for us to extend the data set to other angles
(particularly 45°, along the [011] vectors of Cu(001)) and over a wider kinetic energy range. But to
distinc;uishbetween Cu and Fe as possiblenearest neighbors,it will probably be necessary to resort to

spin.dependent photoelectrondiffraction. That is becausethe non-s_n scatteringfactorsof Cu and Fe
shouldbe very similar,as is bornout by the similarityof themonolayer,bilayerand trilayercalculations.



Fe3p Cross Sect Ion Figure 7. The preliminaryresultsof the spin.integrated
photoelectrondiffractioninvestigalion, using the Fe3p

VS Ktnet tc Energy peak, are shownhere. The experimentaldata are shown
,, _ in a very raw form, in the lowerpanel. The area of 0.he

,,_T_ d_3" 3.6X rcn: Fe3p peak is simply divided by the underlying

background level. !bus normalizing out effects such a

: _ photon flux variation. The d;oppingof the experimental, ; • ' • curve with decreasing kineticenergy is caused by the
' " • • characteristic low kinetic energy tail oi secondary

= " : electrons, which is commonly observed in

a_' ,_ photoemission spectra and which can easily be

correctedfor here [5] However,it isimporlant that even
4, in this veryraw form itis possibleto matchpeak positions10

with theoretical curves. Shown in the upper panel is the
' 10 result of a mu,iple-s_tterir_ calculation, with d13 = 3.6A

, g and usingan epitaxialgrowthmodeltor a bilayerof Fe onO

•- Cu(001). The kinetic energy scale shown here is for
" Vo o; that is, relativeto the vacuumzero.U ==

¢,,,

C
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u_ Figure 8. The model used for the multiple Fe 012
o scattering calculations is shown here. or ---- 0_3

• _ Calculationswere performedusinga monolayer, or _ or 023 1

_ _ bilayer and trilayer of Fe on top of Cu(001), ali Fe "__r__ Fei. assuming epitaxial growth. The spacings or or, between the firstand second(d12) and second

! andthird layers (d23) weresystematicallyvaried. --1The top or first layer was always Fe and the Bu_kCu(OOt)
second and third were Fe or Cu, depending

r upon the model, monolayer,bilayeror trilayer.

1.0- 180° Ij,(O)l Figure 9. A typi_l atomic scattedng factor of an electron
ata kinetic energy of 200eV by a Cu atom is shown here.

"_ The fairty large lobe at 180° isthe cause of the sensitivity

0.5 to d13 at normalemission,sinceitactsto ampify the
reflection oi the electrons by the underlying atom in the

0 -'- 90° third layer into the detector.
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- The plausibilityof utilizingspin-dependentdiffractionwiththissystem is demonstrated by figure
10. Here, il is possible to see the two peak structure at fairly lowcoverages, without magnetizing the
samples. II is of interest that the splittingbetween the peaks is 3.SeV,in distinctcontrast with the bulk
value oi 4.4eV [18]. Additionally,we have collected data over a narrow range of photon energies
(230eV .,<hv < 260eV) for a sample with a coverage of e • 5/4. Obviously, an order of magnitude
increase in the data photonenergy range is necessary. Nevertheless,if the spin-dependence can be
properlyincorporatedinto multiplescatteringtheory, a probewith nanoscale-magneticsensitivitymay be
the result. Moreover,thisprobecouldthen be used to followvariationsinthe localmagneticenvironment
as the samplewasmacroscopicallymagnetized.

_. ..... _ * -'-. - , - - _" .' Figure 10. Narrowangle-resolvedphotoemissionspectra

m hv = 190 eV of the Fe3s peaksof Fe/Cu(O01) are shownhere. The" / coveragus were e = 3/4 (lower) and O = 1 5/8 (upper).

P',.,4 _. The splitting was approximately 3.8eV, significantly' z differentthan the bulkvalue of 4.4eV [18].
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: _ Preliminaryresultsof an investigationusing photoelectrondiffractionto investigate FelCu(001)
_, , were presented. Tentatively,the Feappears to be in a FCC site,withd13 = 3.6A, which isconsistsntwith

' earlier forward focussing experiments [6,14]. The plausibilit__ ol performing spin-dependent
photoelectron diffractionon ultrathin magnetic films (sub- and near-monolayercoverages) with the

• multiplet-splitFe3speak was alsodemonstrated.
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